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Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) is widely used for the investigation of gene expression. In this
technique, the choice of reference genes for normalisation of gene ex-
pression is crucial for the accurate measurement of target gene ex-
pression. However, the expression of some so-called housekeeping
genes has been found to be less stable than previously thought, espe-
cially under stress conditions (Volkov et al., 2003). To provide better,
more stable reference genes for qRT-PCR, several software products
have been developed, including geNorm (Vandesompele et al., 2002),
NormFinder (Andersen et al., 2004) and BestKeeper (Pfaﬄ et al., 2004).
The reducing cost of next generation sequencing (NGS) means that
RNAseq analysis is frequently being used as an alternative to qRT-PCR
for the investigation of gene expression. RNAseq results are often va-
lidated by qRT-PCR, but RNAseq analyses have also revealed hitherto
uncharacterized genes that show very stable expression under diﬀerent
conditions, and these genes are candidates in the search for better re-
ference genes for qRT-PCR analyses.
The aim of the present study was to identify genes that could be
used for the normalisation of qRT-PCR data in barley, using RNAseq
data (NCBI accession number PRJNA400519: RNA sequencing of
Hordeum vulgare L. under low nitrogen stress). The particular interest
was in genes that were stably expressed under diﬀerent nitrogen
conditions, including low-nitrogen stress. Transcriptomic analyses and
validations by qRT-PCR have been reported previously in barley under
low-nitrogen stress (Quan et al., 2016; Wei et al., 2016). However,
those studies did not include any discussion of the criteria used for the
selection of reference genes for the qRT-PCR analyses.
Seedlings of two barley genotypes, BI-04 and BI-45, were cultured in
nutrient solution containing 114.3 mg/L (1.43 mM) NH4NO3, 50.4mg/
L NaH2PO4·2H2O, 89.3 mg/L K2SO4, 110.8 mg/L CaCl2, 405.0 mg/L
MgSO4, 1.6 mg/L MnSO4·H2O, 18.8 μg/L Na2MoO4·H2O, 1.2 mg/L
H3BO3, 43.8 μg/L ZnSO4·7H2O, 38.8 μg/L CuSO4·5H2O, and 15.0 mg/L
ironic citrate. The seedlings were grown with a 16 h/8 h (light/dark)
cycle, with light provided at a photon ﬂux density at plant level equal to
300 μmolm−2 s−1. Temperature was 20 °C ± 2 °C, with 70% relative
humidity. The seedlings were transferred to low nitrogen nutrient so-
lution (0.24 mM ammonium nitrate) at the emergence of the fourth
leaf, and shoots were harvested immediately (0 h) or at 1 h and 24 h
after the start of the low-N treatment. There were three biological re-
plicates for each sample. Total RNA was isolated by Trizol (InVitrogen,
USA), and treated with RQ1 RNase-Free DNase (Promega, USA). cDNA
was synthesised using PrimeScript II 1st strand cDNA Synthesis Kit
(TaKaRa, Japan), and checked as described (Chen et al., 2013).
Three transcripts showing stable expression were selected from the
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RNAseq data. Clean reads were mapped to the barley reference genomic
sequences database (http://plants.ensembl.org/info/data/ftp/index.
html) and the nucleotide sequences obtained from there were used in
BLAST searches of the GenBank database using the NCBI portal. These
searches showed the three transcripts to derive from genes UBE2
(ubiquitin-conjugating enzyme E2-like), EF2 (elongation factor 2-like)
and β-TUB6 (β tubulin 6) (Table 1). Five other genes were selected
because they had been used in other studies (Table 1), making a total of
eight candidate reference genes. PCR ampliﬁcations for nucleotide se-
quence analysis of these 5 candidate genes were conducted using Pri-
merSTART HS DNA Polymerase (TaKaRa, Japan). The reaction volume
was 25 μL, with 5 μL PrimerSTART buﬀer, 2 μL 2.5 mM dNTP, 2 μL
10 μM primers, 0.25 μL 2.5 U/μL DNA polymerase and 1 μL of synthe-
sised cDNA. Nucleotide sequence analysis of the ampliﬁcation products
was carried out by Invitrogen in China.
qRT-PCR primers for UBE2, EF2 and β-TUB6 (Table 1) were de-
signed using Primer 3 software (http://primer3.wi.mit.edu/), and the
speciﬁcity of the primers was assessed by qRT-PCR melting curve
analysis and gel electrophoresis of the ampliﬁed products. Each pair of
primers produced a single peak in the melting curve and a single band
with the expected size when analysed by gel electrophoresis (not
shown). The speciﬁcity of the three pairs of newly-designed primers
was further assessed by nucleotide sequence analysis of the ampliﬁed
products, which conﬁrmed the gene assignations.
Real-time PCR reactions were performed in 96-well plates using a
7500 Real-Time PCR System and PowerUp SYBR Green Master Mix
(Applied Biosystems, USA). The reaction volume was 10 μL, with 5 μL
2×PowerUp SYBR Green Master Mix, 0.6 μL 1 μM mixed primers
(forward and reverse), and 1 μL 10-fold diluted cDNA from the original
20 μL that was synthesised from the barley shoot RNA. The reaction
programme for all PCR reactions was: 50 °C for 2min, 95 °C for 2min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1min. Data col-
lection was carried out at the 60 °C step, and the melting curve analyses
were conducted after cycle 40. All Ct values were obtained at the
threshold of 0.14. The average PCR eﬃciency obtained with each pair
of primers was estimated by using the LinReg PCR programme
(Ramakers et al., 2003).
Gene expression analyses of the 8 candidate reference genes in the
18 shoot samples (2 genotypes× 3 timepoints (0, 1 and 24 h in low-
nitrogen stress conditions)× 3 biological replicates) were conducted as
described by Chen et al. (2013). One-way ANOVA analysis was per-
formed using SPSS 22 software and Ct values were compared using the
t-test function in MS Excel 2007. The Ct values for the 8 genes over all
samples showed no signiﬁcant diﬀerences (p > 0.05). To analyse this
further, the Ct values and PCR eﬃciencies were used for gene expres-
sion stability analysis by the three software products: geNorm version
3.5 (https://genorm.cmgg.be/), NormFinder version 0.953 (https://
moma.dk/normﬁnder-software/), and BestKeeper version 1 (http://
www.gene-quantiﬁcation.de/bestkeeper.html) (Andersen et al., 2004;
Pfaﬄ et al., 2004; Vandesompele et al., 2002).
geNorm calculates a value (M) representing average expression
stability, with a lower M value indicating more stability and an M value
above 1.5 indicating a gene with unstable expression levels. The M
values for the 8 genes ranged from 0.130 to 0.293 (Table 2), showing all
of the genes to be expressed stably in shoots of barley after transfer to
low-nitrogen stress. However, the most stable genes were β-TUB6 (M
value 0.130) and GAPDH2 (M value 0.130), while the least stable gene
was CYP (M value 0.293). β-TUB6 was one of the three newly-adopted
reference genes identiﬁed from RNAseq data in this study.
The NormFinder analysis calculated stability values for the 8 genes
ranging from 0.064 to 0.300 (with a lower value again indicating more
stability), with ADP (0.064) the most stable reference gene (Table 2).
The least stable gene was CYP (0.300), consistent with the geNorm
analysis.
In BestKeeper, overall variation of gene expression is reﬂected in the
standard deviation (SD) of the crossing point (Cp) values (the Cp is the
point in the PCR reaction at which the ampliﬁcation curve crosses the
vertical threshold line/noise band), and a gene is considered to have
unstable expression when the SD value is higher than 1. The SDs for the
8 candidate reference genes ranged from 0.38 to 0.64 (Table 3), con-
sistent with the other analyses. BestKeeper also combines expression
data from highly correlated genes into an index, and compares candi-
date gene expression to this index to calculate a correlation coeﬃcient
(r), with r values close to 1.0 indicating the most stable genes. The r
values for the 8 genes ranged from 0.833 to 0.960, with ADP (0.960)
and GAPDH1 (0.960) the two most stable genes (Table 3), while the
Table 1
Details of the eight candidate reference genes and nucleotide sequences of primers used in the qRT-PCR analyses.
Candidate reference
genes
Accession number Annotation Primer nucleotide sequence (5′-3′) Amplicon (bp) PCR
eﬃciency
Origin
UBE2 MLOC_9934.1 ubiquitin-conjugating enzyme E2-like F: TTTTTGGCCCTGATGATAGC 95 1.812 This study
R: CCGAACTGTTGGTGGCTTAT
EF2 MLOC_15661.3 elongation factor 2-like F: AATCAAGGACTCCGTTGTGG 98 1.777
R: CGTCACAGACCTCAAAGCAA
β-TUB6 MLOC_74587.1 beta tubulin 6 F: TCCCGAACAATGTCAAGTCA 82 1.779
R: GTGGAGTTGCCAATGAAGGT
ADP AJ508228.2 ADP-ribosylation factor 1-like F: GCTCTCCAACAACATTGCCAAC 77 1.748 Ferdous et al., 2015
R: GAGACATCCAGCATCATTCATTCC
GAPDH1 X60343.1 glycolytic glyceraldehyde-3-phosphate
dehydrogenase
F: GCCAAGACCCAGTAGAGC 78 1.740
R: CACATTTATTCCCATAGACAAAGG
GAPDH2 M36650.1 glycolytic glyceraldehyde-3-phosphate
dehydrogenase
F: AAGCATGAAGATACAGGGAGTGTG 74 1.735 Quan et al., 2016
R: AATTTATTCTCGGAAGAGGTTGTACA
ACT AY145451.1 actin F: TGAGGCGCAGTCCAAGAGA 81 1.790 Chen et al., 2013
R: TCCATGTCATCCCAGTTGCTTA
CYP AK253120.1 Cyclophilin F: CCTGTCGTGTCGTCGGTCTAAA 122 1.746 Mangelsen et al., 2011
R: ACGCAGATCCAGCAGCCTAAAG
Table 2
















β-TUB6 0.130 1 0.095 2 0.949 3
GAPDH2 0.130 1 0.115 5 0.939 4
GAPDH1 0.168 3 0.107 3 0.960 1
ADP 0.185 4 0.064 1 0.960 1
UBE2 0.198 5 0.108 4 0.917 5
ACT 0.214 6 0.149 6 0.860 6
EF2 0.237 7 0.174 7 0.833 8
CYP 0.293 8 0.300 8 0.844 7
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least stable gene was EF2 (0.833).
The geNorm software was also used for determination of the op-
timal number of reference genes, by calculating the pairwise variation
Vn/Vn+1 between two sequential normalisation factors, NFn and NFn+1.
This analysis determines a number (n) of reference genes that are suf-
ﬁcient for the normalisation, with a Vn/Vn+1 value below a threshold of
0.15. In this study, V2/3 for β-TUB6 (0.130) and GAPDH2 (0.130) was
0.059, indicating that these two reference genes were suﬃcient for
qRT-PCR normalisation (Table 3).
In conclusion, the study combined a suite of reference gene selection
software and the analysis of RNAseq data to identify and analyse the
stability of selected reference genes in barley shoots as they were
transferred to conditions of low-nitrogen stress. ADP, β-TUB6 and
GAPDH1 were the three most stable reference genes identiﬁed by both
NormFinder and Bestkeeper, while geNorm identiﬁed the three most
stable reference genes as β-TUB6, GAPDH2 and GAPDH1. β-TUB6 and
GAPDH1 were therefore in the top three genes identiﬁed by all three
software products.
The optimal number of reference genes to be used was calculated as
two; an important result given that many published studies have used
only a single reference gene, including two studies related to low-ni-
trogen stress in barley (Quan et al., 2016; Wei et al., 2016). We re-
commend the use of β-TUB6 in combination with GAPDH2 for qRT-PCR
normalisation in barley under low-nitrogen stress.
The genes that were identiﬁed as potential reference genes from the
RNAseq data were shown to be relatively stable in the qRT-PCR results,
conﬁrming that the approach of selecting reference genes based on a
combination of RNAseq and qRT-PCR data was a valid one.
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